Over the last decade, synchrotron-based X-ray tomographic microscopy has established itself as a fundamental tool for non-invasive, quantitative investigations of a broad variety of samples, with application ranging from space research and materials science to biology and medicine. Thanks to the brilliance of modern third generation sources, voxel sizes in the micrometer range are routinely achieved by the major X-ray microtomography devices around the world, while the isotropic 100 nm barrier is reached and trespassed only by few instruments. The beamline for TOmographic Microscopy and Coherent rAdiology experimenTs (TOMCAT) of the Swiss Light Source at the Paul Scherrer Institut, operates a multimodal endstation which offers tomographic capabilities in the micrometer range in absorption contrast -of courseas well as phase contrast imaging. Recently, the beamline has been equipped with a full field, hard X-ray microscope with a theoretical pixel size down to 30 nm and a field of view of 50 microns. The nanoscope performs well at X-ray energies between 8 and 12 keV, selected from the white beam of a 2.9 T superbend by a [Ru/C] 100 fixed exit multilayer monochromator. In this work we illustrate the experimental setup dedicated to the nanoscope, in particular the ad-hoc designed X-ray optics needed to produce a homogeneous, square illumination of the sample imaging plane as well as the magnifying zone plate. Tomographic reconstructions at 60 nm voxel size will be shown and discussed.
INTRODUCTION
The combination of the unique properties of X-ray microscopy (high-resolution, large penetration depth and chemical speciation) with advanced tomographic methods as well as the exceptional properties of third-generation synchrotron radiation sources allow to obtain volumetric information of a specimen with voxel size in the micrometer range. This is nowadays routinely achieved by the major synchrotron-based X-ray microtomography devices around the world [1] [2] [3] [4] .
Even rookie synchrotron-CT users, require today flexible endstations, capable to cover field of views (FOV) varying up to three orders of magnitude with corresponding spatial resolution and/or acquisition mode. Frequently, such users also demand an easy and fast swap between antipodal configurations, for instance between a 10 mm FOV with 10 microns resolution in phase contrast and a 50 microns FOV with 100 nm resolution in pure absorption, see Fig. 1 .
The beamline for TOmographic Microscopy and Coherent rAdiology experimenTs (TOMCAT) of the Swiss Light Source provides this flexibility within a user friendly environment which allows even the less experienced user to be able to perform challenging experiments after a very short learning phase. TOMCAT operates a multimodal endstation which offers tomographic capabilities in the micrometer range in absorption contrast as well as in phase contrast imaging. Absorption tomography can be performed between 8 and 45 keV thanks to a fixed-exit double crystal multilayer monochromator.
Good transverse coherence length (l transV x l transH = 156 µm x 44 µm for λ = 1 Å and a source-to-sample distance of 25 m) assures excellent edge-enhancement all along the energy range. An in-house developed phase contrast algorithm (essentially based on the Transport of Intensity method) quickly allows to obtain phase contrast tomographic reconstruction of low absorbing, mostly homogenous objects at resolution around one micron [5, 6] . Full phase information is obtained via grating interferometry with FOV up to 12 mm and spatial resolution down to approximately 4 microns [7] . Detailed information on the technical specification and capabilities of the beamline can be found in this proceedings, see [8] .
Here, as mentioned above, we will focus on the latest stage of the TOMCAT hierarchical multimodal imaging infrastructure, namely a full field X-ray microscope which reaches a 3D spatial resolution of less than 0.1 microns.
Reaching and trespassing the isotropic barrier of 100 nm remains a challenge and only few instruments mostly in the soft X-ray range, i.e. for energies well below 10 keV have this capability [10] . The most common approach to achieve sub 100 nm (2D) resolution is full-field X-ray microscopy. The key optical elements are a condenser to provide illumination of the sample and an objective lens to produce a magnified image of the sample on the detector. The illumination should be as homogeneous and intense as possible and the numerical aperture should be matched to that of the objective lens in order to obtain optimum resolution [11] . Fresnel zone plates (FZPs) [12] , tapered capillaries [13] , mirrors [14] and combinations of these devices [15] are commonly used as condensers. However, these optics focus the beam into a spot, which is smaller than the field of view of the microscope. As a result they cannot provide a uniform but rather a Gaussian shaped illumination. This problem can be overcome by moving the condenser transverse to the direction of the beam during the exposure [15] . The use of beam-shapers with more complex optical functionality in the X-ray regime was first demonstrated by Di Fabrizio and co-workers [16] . However, the beam-shaper design is usually difficult since many unknown parameters of the beam have to be defined in advance and there are some restrictions owing to the fabrication limitations. A simple approach of a beam-shaper design was proposed and tested with a soft X-ray full-field microscope [17] . The idea of the design is to divide a conventional FZP into sectors, keeping the local spatial frequency within each sector constant. As a result, each sector will produce a flat-top illumination in the focal plane. The full-field microscope installed at the TOMCAT beamline uses an optimized design of such a beamshaper based on square gratings structured for hard X-rays. The shape of the produced illumination is square and can be designed to match the field of view of the microscope. In addition to the fulfillment of the basic X-ray microscopy requirements (numerical aperture matching and flat-top illumination) the beamshaper used here is extremely simple to install and align, enabling the endstation of the beamline to be turned from a "conventional" synchrotron-based microtomography device into a nanoscope with tomographic capabilities within a couple of hours. Furthermore, being each zone of the beamshaper equally contributing to the illumination of the image plane, this device is extremely insensitive to beam fluctuation and misalignments. Tomographic capabilites have been added to the full-field microscope by integrating the X-ray optics in the pre-existing microtomography endstation of the beamline.
BEAMLINE PARAMETERS -OPTICAL COMPONENTS

Beamline parameters
The TOMCAT beamline receives photons from a 2.9 T bending magnet, also dubbed superbend. Compared with the 1.4T of the normal SLS bending magnets this device shifts the critical energy of the source from 5.4 keV up to 11.1 keV resulting in a considerable increase of flux at hard X-rays. between θ B = 1.82° and θ B = 0.265° for energies ranging from 5 keV up to 45 keV. For the low-energy settings, the power density is 80 mW/mm 2 and is dissipated via water side-cooling. The crystal optics are mounted on two independent high-precision goniometers. The first crystal has motorized pitch, roll, and horizontal translation (for stripes selection); the second crystal has the same degrees of freedom and, in addition, yaw and vertical translation. The whole system is positioned on a base plate that can be vertically adjusted [18] .
For characterizing the nanoscope we selected X-rays energies between 8 and 10 keV. For these values, the [Ru/C] 100 multilayer shows an energy spread of 2% , which slightly affected the diffracting properties of the beamshaper as well as the imaging performance of the objective lens, as mentioned in [19] .
Beamshaper
The design of the beam-shaping elements is based on a standard FZP. The original FZP is divided into square subfields, as shown in Fig. 2 and explained in details in [19] . Each subfield consists of a linear grating with constant line orientation and period, which correspond to the local orientation and period of the structures of the FZP. As a result, the beam-shaper has the same focal length as the FZP, and the first diffraction order of every subgrating will form exactly coinciding square illumination in its focal plane with the illuminated area equal to the size of the gratings. The advantage over the design shown in [17] is that one can avoid tails of the illumination, which increases the intensity in the uniformly illuminated area. Another advantage of using the square shape of illumination is that usually the active area of the detector is also square. In this case the illumination of the beam-shaper can be perfectly matched to the detector size.
Beam-shapers of different dimensions, from 0.5 mm x 0.5 mm to 1.9 mm x 1.9 mm, with subfields of 50 µm x 50 µm and with the outermost grating periods down to 100 nm (50 nm lines and spaces) have been fabricated. Despite using the same design, different materials and nanofabrication techniques are required for producing beam-shapers for soft and hard X-ray applications in order to achieve better efficiency. For hard X-rays the chosen material was gold, and 550-700 nm-thick structures were prepared by electroplating into a polyimide mould as described in [20] . The main parameters of the gold beamshaper are summarized in Table 1 .
In order to block the zero order through the condenser an opaque square central stop must be used. For hard X-rays the central stop was introduced in the system as an independent element. Several parameters such as the size of the element, size of the subgratings, period in the outermost gratings and size of the central stop are easy to address during the design in order to fulfill geometrical conditions of the specific experimental station (beam size, focal distance, sample size, active area of the detector). For instance, the size of the shadow formed by the central stop can be matched by the size of the beam-shaper illumination magnified by the objective lens. Outer zone width 70 nm
Spot size 50 µm x 50 µm
Theoretical Efficiency 20 % each zone
Gain Factor 200
Focal length 1360 mm
Depth of focus 200 µm
Central stop size ~ 800 µm x 800 µm
Objective lens and detector
As an objective lens a gold FZP with a 100 nm outermost zone and a diameter of 100 microns was used. The lens is mounted on a sand-filled stainless steel support which minimizes vibrations and shifts of the FZP, a critical issue in each "nano" experiment.
The X-ray detector was a Photonic Science Hystar Camera. This system is based on a scientific grade 2048x2048 TH7899 Thomson Chip with 14x14 µm 2 pixel size. It has a full well capacity larger than 250'000 electron/pixel. Readout at 200 kHz with a noise of less than 10 electrons as well as a dark current of less than 0.5 electrons/pixel/second allow for a true 14 bit dynamic range via a 16 bit ADC. The chip sized is matched via 1:3 magnifying fiber optic taper (FOP). A 1.5 mg/cm 2 Gadolinium Oxysulphide scintillator is deposited on the FOP and the final assembly results in an active input window of 9.5 mm x 9.5 mm with an optical resolution of 4.7 microns.
Experimental setup
The nanoscope installed at the TOMCAT beamline is approximately 12 meters long. The beamshaper, acting as a beam condenser, is placed just after the exit window of the beamline, at 17 meters from the source, see Fig. 3a . The X-ray beam at that position is tailored to a size of 2x2 mm 2 by the exit slits of the beamline. Beamshaper and beamstopper are pre-mounted and aligned on a Linos frame and can be therefore easily inserted into the beampath. An xy-stage guarantees the fine adjustment. A thin vacuum pipe reduces beam losses due to air scattering. A JJ-slits pair is used as an adjustable order sorting aperture (OSA), see Fig. 3b . For our experiment the "pinhole" (which is actually a square) was set down to a size of 200 µm x 200 µm. The sample is mounted on an air-bearing rotation stage with and xy-centering device. The zone plate is fixed on a steel support and can be adjusted along three directions. Immediately downstream the zone plate, the high-resolution microscope (normally used at TOMCAT for routine experiments) can be inserted into the beampath. This allows the alignment of beamshaper, beamstopper and zone plate very quickly. The focal length of the FZP used for this experiment is 64.5 mm and 80.6 mm at 8 keV and 10 keV respectively. By positioning the 2D detector at distances larger than 10 m we can obtain X-ray magnifications up to 180x. The detector is mounted on a second optical table, which can be remotely adjusted horizontally and vertically and manually displaced along the beam direction. An evacuated pipe connects both optical tables, see Fig. 3c .
We have been monitoring the stability of the system by acquiring X-ray radiographs of a high resolution mesh (Plano G2786A) over a period of 10 hours. Fig. 3d shows the vertical and horizontal shifts observed during a period of 2 hours. Shifts have been calculated by an in-house developed cross-correlation routine. The values remain within a range of ± 100 nm within the first hour, which is the time usually needed for a tomographic scan. These values also correspond to the theoretical limit of the system, since the outermost zone period of the FZP is 100 nm. 
SYSTEM PERFORMANCE
Radiographic projections.
The radiographic imaging properties of the TOMCAT nanoscope have been characterized at 8 keV. For this purpose, as a test sample, we used a 20 microns diameter gold zoneplate with an outermost zone width of 100 nm. Fig. 4 shows a resolution measurement for an X-ray projection. Fig. 4b depicts the corresponding X-ray radiographic image (absorption image) of the test sample shown in Fig. 4a . A line profile over the central region of the zoneplate (Fig. 4c) shows that intensity oscillations at the frequency of 5 lp/micron could be detected with sufficient contrast (Fig. 4d) . The target resolution for this experiment was relatively relaxed, namely 100 nm. The detector has been used in 2x binning mode, giving a theoretical pixel size of approximately 60 nm. We were therefore sufficiently oversampling the detector plane. 
Tomographic capabilities.
The 3D imaging characteristics of the TOMCAT nanoscope have been characterized at 10 keV. At this energy the flux emerging from the bending magnet is larger and the absorption due to air in non-evacuated segments of the beamline is reduced. Therefore, the exposure time for single projections as well as stability issues could be minimized.
We developed a test sample which is easy to align and ideally suited for tomographic investigations. It consists of a BaTiO 3 sphere of 22 microns diameter with calibration holes of 5, 2, 1, 0.5 and 0.25 microns diameter, milled with focus ion beam at the FIB facility of EMPA, the Swiss Federal Laboratories for Material Testing and Research in Dübendorf, Switzerland, see Fig. 5a . The sphere has been coated by a thin gold layer to avoid charging during FIB milling. In the corresponding radiographic projection, see Fig. 5b , the gold coating is visible on the right side, while in the center the typical conical shape of the FIB holes are recognizable.
An isosurface rendering shows the entrance point of the reference apertures, see Fig. 5c . Holes with diameters of 5, 2, 1 and 0.5 microns on the surface of the sphere are clearly visible. The position of the 0.25 microns hole can be grasped as well. A virtual cut through the isosurface gives a more realistic view of the shape of the FIB holes. Due to redeposition of the removed material onto sidewalls of the holes they could not be milled with aspect ration larger than 5:1. Therefore the 5 microns hole was milled all the way through the sphere, while the 2 microns only reached the center of the sphere. X-rays
DISCUSSION AND OUTLOOK
The present work illustrates the latest instrumental development at the TOMCAT beamline, aiming at improving the spatial resolution down to 100 nm or slightly below. The nanoscope design was intended to be as simple to use as possible in order to be easily integrated into the imaging framework of the beamline, which offers field of views up to several mm in both absorption and phase contrast mode
We have shown that with a novel, ad-hoc designed beamshaper based on diffractive optics, it is possible to obtain topflat illumination of large image areas, allowing to "switch on" the nanoscope module at the beamline very quickly.
The first preliminary results are matching the design goals: we have been aiming for resolution down to 100 nm with sufficient oversampling and Fig. 4 shows that this target has been achieved. The stability of the system, usually one of the most critical issues in this kind of experiments, is sufficient for moving from simple full field microscopy to tomographic applications. However, we have been reaching the mechanical limits of the present system, which has been actually designed originally for micro-and not for nano-tomography. Tomographic data sets will need additional software corrections (mainly achieved via 2D cross correlation and image registration) in order to be optimally reconstructed.
In the next future we will further improve the stability and fine tune our registration algorithms. A new, larger beamshaper will collect a beam area of up to 3x3 mm 2 and tailor it down to 50x50 microns 2 , therefore augmenting the flux at the sample position by a factor of 4. We also plan to update the present detector with a more efficient system which should result in a reduction of the exposure time by at least a factor of 2.
Finally, our efforts will be focused in the tentative of producing phase contrast images with the nanoscope. A preliminary experiment shows that we can detects edge-enhanced signals as shown in Fig. 6 . This means that our system preserves the coherence and we can therefore potentially use either Transport of Intensity [22, 23] based methods or Grating Interferometry [7] for detecting phase signals.
